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Abstract-Interrelation
between lipophilic characters and speeds of positive inotropic effect (PIE) of cardenolides and ericaceous toxins was studied by determining both parameters of lipophilicity and inotropy speeds.
The lipophilic characters of 8 kinds of cardenolides, evaluated from Rn, or log k' values by means of thin layer chromatography (Rf) or high performance liquid chromatography (retention time), increased in the order of ouabain, digoxin, digitoxigenin, digitoxigenin-mono digitoxoside, digitoxigenin-bis-digitoxoside, digitoxin, a-acetyl-digitoxin, triacetyl digitoxin.
Lipophilic character, evaluated from Rm values of 6 kinds of ericaceous toxins, was in decreasing order of 10S-grayanotoxin II, 6-acetyl grayanotoxin I, asebotoxin I, grayanotoxin I, asebotoxin III, asebotoxin X. The speed with which PIE developed was evaluated from the time to half maximum PIE (T50) of cardenolides and ericaceous toxins at a pD2 concentration.
The speed of positive inotropy of cardenolides was independent of their concentration tested in the range from half to twice the concentration of pD2, while the speeds of PIE of ericaceous toxins depended on their concentration in the same range used in case of cardenolides. Inotropy speed of these two classes of cardiotoxins correlated well with the lipophilic character: a) In the case of cardenolides, a positive and close correlation (r=0.98) was observed between T50 and Rm. The more lipophilic the cardenolides, the more time was required to reach the fully development of PIE. b) In contrast, a negative correlation (r=-0.82, between Rm and T50) was obtained in the case of ericaceous toxins; Toxins with more lipophilic nature caused faster development of PIE. The present results can be interpreted to mean that the PIE receptor for cardenolides in myocardial cells is located on the outer surface of the sarcolemma, while that for ericaceous toxins is located on the inside of the myocardial cell.
Cardiac glycosides are valuable therapeutic agents for hypodynamic disorder of the heart. Ericaceous toxins such as grayanotoxin I (GTX-I) and asebotoxin III (ATX-III) are diterpenoids that produced a positive inotropic effect (PIE) on guinea-pig myo cardium even at a low concentration (pD2=6.3, 6.8). Asebotoxin III is the most potent among 18 kinds of ericaceous toxin (1) and is more potent than ouabain (pD2=6.4). Between cardiac glycosides and ericaceous toxins a strong synergistic relation was demonstrated: e. g., the cardiotonic effect of ouabain was strongly potentiated in the presence of a low concentration of 10-7 M GTX-I (2, 3). In our previous work on the structure-PIE relationship among some ericaceous toxins in guinea-pig myocardium (1, 4), we noticed that the time course of PIE varied markedly. Narahashi and Seyama (5) reported that in squid axons, GTX-I produced membrane depolarization via in creasing sodium permeability and that the depolarizing action was 90-fold more potent when GTX-I was applied to the axon tube internally rather than externally. This suggests that the externally applied ericaceous toxin will permeate across the lipid layer of the cell membrane to bind the inotropic receptor in the internal surface. Accordingly the speeds of the inotropism of ericaceous toxins will depend on their lipophilic character and concentration gradients. On the location of the positive inotropy receptor for cardiac glycosides, there are two different opinions: Schwartz and Adams (6), Thomas et al. (7) and ' H and 13C-NMR spectra.
All materials to be tested either for pD2 or for T50 determinations were dissolved in a saline solution if they were water-soluble, but water-insoluble substances were first dissolved in a minimum volume of DMSO and diluted by saline to give a final DMSO concentration of less than 0.1%. At this DMSO concentration, no appreciable phar macological and enzymological effects were detected, though this solvent at 5% was reported to affect the contractility and Na+, K--ATPase activity (17). Determination of parameters of lipophilicity 1. Thin layer chromatography (TLC) method: TLC was used to measure the lipophilic character of test substances; Experiments were performed to obtain R,,, values (18) using the following two kinds of plates consisting of a different stationary phase. The TLC plates used in this test were dimethyl silanized silica gel plates precoated with 0.25 mm in thickness (Merck 5747). The test substances dissolved in methanol (3 mg/ml) were spotted on the plate.
The plate was developed in a chamber containing a mobile phase of methanol and water mixture with volume ratios of 40 , 45, 50, 55 and 60%. Spots on the plate were detected by spraying with a mixture of vanillin and perchloric acid in ethanol-water. Violet color developed in a few min when the plate was dried in an oven kept at 110°C. The distance from the original starting point to the colored spot was measured for calculating the Rf value. The mean of the R1 values obtained at 5 different methanol con centrations was used for the calculation of the R,,, value by the following formula: A plot of R,,, values against methanol concentrations was made on a g aph as described by Biagi et al. (119) . In the range of concentrations from 40 to 60% methanol, a highly linear relation was found; Therefore, the Rm value of a given substance at 50% methanol on the regression line was used as the representative value of lipophilicity (Fig. 3) . Table 1 . The same abbreviations are used as in Fig. 2 . Experiments were carried out using a papillary muscle with a diameter of less than 1.0 mm, isolated from the right ventricle of guinea-pig heart, bathed in Krebs Henseleit solution at 30°C. Time to half maximum PIE (T50) is indicated by black arrows.
H PLC method:
The H PLC system consisted of a pumping device (JASCO,  TWINCLE) and a UV-spectrophotometer (UVIDEC-100 III). The detection of carde nolides was made by light absorption for the unsaturated lactone ring at a wavelength of 235 nm. The stationary phase was octadecyl silica gel (Fine Sil C18_1o, JASCO), which was eluted at a low rate of 1.0 ml/min by 75% methanol in water. The positive inotropic effect (PIE; JFc) of test substances was measured using papillary muscles with a diameter less than 1 mm that were isolated from the right ventricle of guinea-pig heart. The muscle was mounted vertically in a two chambered organ bath (21) containing 50 ml of Krebs Henseleit solution composed of 115 mM NaCI, 25 mM NaHC03, 3.2 mM CaC12, 4.7 mM KCI, 1.2 mM KH2P04, 1.2 mM MgC12, and 10 mM glucose, pH 7.4. The solu tion was saturated with and circulated by a gas mixture containing 95% 02 and 5% C02. The temperature was 30°C. The resting tension was kept constant at 0.4 g. The muscle was driven at a frequency of 1 .0 Hz (in the cases of cardenolides) or of 0.5 Hz (in the cases of ericaceous toxins) by rectangular pulses of 5 msec duration with a strength 1.5 times above the threshold. The force of contraction (Fc) was measured by a force-displacement transducer (Nihon Kohden, SB-1TH) connected to an amplifier and recorded by a pen recorder on oscillo graphic paper. The muscle preparations were first equilibrated for at least 60 min. In order to obtain concentration-effect curves of each test substance, its concentration was increased cumulatively. The concentration of test material required for 50% of the maximum PIE (i.e., pD2) was determined by obtaining the concentration-PIE curve for each of the compounds in 5-6 papillary muscles. The time to the point just developed to the half maximum PIE (T50; min) after addition of test substances at their pD2 concentration was used as an index for the speed of PIE (Fig. 4) . In experiments to test the influence of concentration of test substances on the speed of PIE development, three different concentrations of 1/2, 1 and 2 X pD2 were applied to the muscle. 
Results

Expression of lipophilicity a) Rm value:
The Rm values obtained in reversed phase TLC/methanol :water were used as an expression of lipophilic character of the two classes of toxins, as listed in Table 1 . Our preliminary experiments for R, determination indicated that in the octanol impregnated silica gel system, we failed to obtain constant Rf values, probably due to labile adhesion to the glass plate and the irregularity of the silica gel thickness. Because of this, dimethyl silanized gel plate was selected from commercial sources (Merck 5747). b) Log k' value: Log k' measurements were carried out to confirm whether or not the order of lipophilicity expressed by the Rm value is valid in another system of HPLC. The column of octadecyl-silyl-silicas has a more hydrophobic property than that of the dimethyl-silyl-silicas used in the TLC method for Rm determination.
Both Rm and log k' values could be distinctly separated as shown in Fig. 8 Details are given in the text. Rm values ranged from -0.56 (ouabain) to 2.15 (triacetyl digitoxin). T50 value increased from 8.8 min (ouabain) to 33.4 min (triacetyl digitoxin). The T50 values of digoxin and digitoxin were 16.1±1.1 min and 24.0±0.9 min, respectively. These results lead to the conclusion that the higher lipophilic character of cardenolides is closely related to the slower development of positive inotropy. Another kind of lipophilicity parameter, log k was calculated from the retention time (t,j) in HPLC. Log k' values of 6 cardenolides were separated more distinctly than their R,,, values, and the magnitude ordering of the log k' values is in accord with that of R1,,. It is confirmed that the Rm value obtained in the test system composed of reversed phase TLC/methanol:water was valid in another test system of H PLC. Between T50 and log k', a highly significant linear cor relation (r=0.87, P<0.01) was observed . This relation could be expressed by the following formula: R,,, value vs. T50 of ericaceous toxins
In the case of ericaceous toxins, their inotropy speeds correlated negatively with the Rn, value (lipophilicity): Figure 9 shows the significant relation between R,,, and T50 values (r=-0.82, P0.05). The regression line which represented this relation can be expressed by the following formula:
The R,,, value ranged from -0.24 to +0.20, with the following order of Rm: ATX-X, ATX-III, GTX-l, ATX-I, 6Ac-GTX-I, and 1OS
GTX-II. The speed with which PIE developed by ericaceous toxins in guinea-pig myo cardium was accelerated with increasing lipophilic character: i.e., T50 became shorter depending on the lipophilicity; T50 values in min ranged from 6.1 +0.9 (10S-GTX-II) to 18.1 +0.6 (ATX-X).
Discussion
The purpose of the present study is to clarify the relation between inotropy speeds and lipophilic character in two kinds of toxins (Figs. 1 and 2 ). The present results clearly showed that lipophilic character in cardenolides retarded the speeds with which their positive inotropic effect developed (Figs. 7 and 8) and that in contrast, the lipophilic character of ericaceous toxins promoted the development of their positive inotropy (Fig. 9) .
To draw a definite conclusion on the relation between lipophilicity and inotropy speed of the two groups of cardioactive toxins, their respective parameters must at first be measured exactly. In addition, both kinds of parameters must be good for measuring lipophilicity or inotropy speed. Moreover, the parameter of lipophilicity must serve as a common measure in different toxin groups, so that they can be compared to each other. The most common measure of lipophilicity is partition coefficients in octanol/water (22), but this could not be adopted in the present study because it requires large amounts of test substance. Cohnen et al. (23) reported partition coef ficients (P, listed in Table 1 as log P) and Rn, values of 48 cardenolides and found a good correlation between these two sets of data. They reported that with reversed-phase TLC, the lipophilic parameter was rapidly deter mined. However, the order in magnitude of P and R,,, did not agree with each other. Moreover, the R,,, values of the 5 cardenolides used in this study were not separated enough to distinguish them clearly. We, therefore, improved the test system for the determi nation of lipophilicity using a more stable stationary phase of dimethyl silanized gel with a high hydrophobicity. The mobile phase of methanol/water in TLC was the same as that reported by Cohnen et al. (23), because of the merit that the polarity of the mobile phase can be regulated by changing the mixing rate. Using this system, the magnitude of lipophilicity was determined (Fig. 3 ) even in the case of highly octanol-soluble sub stances whose partition coefficients in octanol/water were not separable (23). The present results on the ordering of magnitudes of R, in cardenolides agreed completely with that of the log k' value obtained with the HPLC test system (Fig. 8) .
Before evaluating the inotropy speeds of toxins, we checked the experimental con ditions of T50 determination (Fig. 4) . With respect to the driving rate, it was reported that the concentration-effect curve for cardiac glycosides shifted to the left by increasing the contraction-frequency (2, 24). Therefore, the driving rate in the present experiments with cardenolides was fixed at 1 Hz where the positive inotropic effect strongly developed.
In the case of experiments with ericaceous toxins, the papillary muscles were paced at 0.5 Hz where the PIE developed more strongly than that at 1 Hz (25).
of the toxins to get across the lipid barrier of the sarcolemma, the location of the inotropic receptors of the ericaceous toxins is assumed to be different from that of cardenolides. Ericaceous toxins having a higher lipophilic character produced faster development of PIE and vice versa (Fig. 9) , while cardenolides having a higher lipophilic character never produced faster onset of PIE (Figs. 7 and 8 lead to the conclusion that the sarcolemmal Na+,K+-ATPase enzyme was the receptor for the positive inotropism of cardenolides.
The mechanisms of positive inotropic actions of cardenolides and ericaceous toxins were different with respect to the mode of sodium flux; Cardenolides inhibit the pump ing out of sodium, whereas ericaceous toxin (e.g., grayanotoxin I) promotes the sodium permeability at the cell membrane. The synergistic relation between the cardenolides and ericaceous toxins (3, 31) with respect to their PIE can be interpreted by overall accumulation of intracellular sodium which is exchanged with calcium in the extracellular fluid (32, 33).
From the standpoint of sodium metabolism, the inotropy speeds can be expressed by replacing the time course of sodium ac cumulation.
Akera et al. (34) observed an intimate parallelism between the time courses of positive inotropy and ouabain binding. Fricke and Klaus (35) reported that the binding of Na+,K+-ATPase with ouabain was very rapid (t,,,=54-159 sec). Consequently, the positive inotropy speed (T50 of ouabain , 8.8 min) can not be interpreted by the speed of the binding. The mechanism driving the inotropy speeds of cardiotonic substance is considered to be a more complicated process after this initial stage of drug binding .
We focused in this study on the relation between lipophilic character and inotropy speed. However, the biological response of a drug depends not only on its lipophilicity , but also on the electronic and steric effects of the molecule (36) . For example , hydrated cardiac glycosides such as dihydroouabain and tetrahydroproscillaridin A exhibited a high inotropy speed, but they have the same lipophilicity as the parent compounds ouabain and proscillaridin A. This is another problem to be solved, and we have been investigating this (37) . Further experiments will be , therefore, needed to draw a more definite and comprehensive conclusion on the mechanism driving the inotropy speed of cardiotonic substances.
